Abstract We experimentally examined the effects of increased temperature on growth and demography of two Mediterranean seagrasses Posidonia oceanica and Cymodocea nodosa. Shoots of C. nodosa and seedlings and shoots of P. oceanica were kept in mesocosms for 3 months and exposed to temperatures between 25 and 32°C encompassing the range of maximum summer seawater temperatures projected for the Mediterranean Sea during the twenty-first century. The response of P. oceanica seedlings to warming was evident with reduced growth rates, leaf formation rates and leaf biomass per shoot. Younger life stages of P. oceanica may therefore be particularly vulnerable to climate change and warming. Leaf formation rates in the shoots of P. oceanica declined with increasing temperature and the lowest population growth (−0.005 day −1 ) was found at 32°C.
Introduction
Global climate change is an emerging threat to terrestrial and aquatic ecosystems worldwide. Mean temperatures are increasing globally with an expected rise, under Intergovernmental Panel on Climate Change (IPCC) greenhouse gas emission scenarios, of 1-3.5°C by the end of the century (Watson et al. 1996) . Global warming is likely to put added stress on coastal ecosystems that are already under environmental stress from human impacts such as eutrophication, pollution, overfishing and habitat alteration (Hughes et al. 2003; Valiela 2006) . In addition to an increase in mean global ocean temperatures, an increase in the frequency and intensity of extreme events, such as heat waves, is predicted (IPCC 2007) . Evaluating the effects of warming on key coastal communities like seagrasses is necessary to predict the impacts of climate change (Short and Neckles 1999) .
Seagrasses form highly productive benthic habitats (Duarte and Chiscano 1999) and provide critical ecosystem services such as carbon sequestration and storage, nursery habitat and food, improvement of water quality and prevention of coastal erosion (Orth et al. 2006) . Seagrasses are facing rapid decline worldwide due to multiple anthropogenic stressors with global decline rates estimated at 2-5 % year −1 (Waycott et al. 2009 ). Currently, eutrophication of coastal oceans has been identified as the major threat to seagrasses, but climate change is emerging as an additional challenge for these habitats (Short and Neckles 1999; Waycott et al. 2009; Marbà and Duarte 2010) . Seagrasses may be affected by global warming in two main ways. First, chronic exposure to elevated temperatures will change rates of critical physiological processes, including photosynthetic and respiration rates, and affect life history events, such as reproduction (Borum et al. 2004; Campbell et al. 2006) . Second, increased amplitude and duration of heat waves enhance shoot mortality and trigger population decline when critical temperature thresholds are exceeded (Marbà and Duarte 2010) . This is because losses during the warm periods exceed the ability of the seagrass to recover through recruitment of new shoots. These changes will affect the growth and distribution of seagrasses and may lead to the local extinction or displacement of species with low thermal tolerance (Short and Neckles 1999) . The Mediterranean Sea is particularly vulnerable to warming; warming at rates twofold faster than the global ocean (IPCC 2007; Vargas-Yáñez et al. 2007 ). Indeed, Mediterranean seawater temperature has increased in both deep (Bethoux et al. 1990 ) and surface (Metaxas et al. 1991; Marbà and Duarte 1997; Diaz-Almela et al. 2007 ) waters over the past few decades. Increases in excess of 4-5°C in the maximum summer temperature in the western Mediterranean have been predicted and we are likely to see an increase in the frequency of heat waves (Sanchez et al. 2004; Coma et al. 2009; Marbà and Duarte 2010; Jordà et al. 2012) .
Four seagrass species occur in the Mediterranean coast. The dominant species is Posidonia oceanica, the only Mediterranean endemic, followed by Cymodocea nodosa, which also grows in the temperate eastern Atlantic from Mauritania to south Portugal. There is evidence that both species respond differently to temperature seasonal forcing (e.g. Marbà et al. 1996) , suggesting that they might exhibit contrasting responses to Mediterranean warming. Field studies recently revealed that P. oceanica meadows are highly sensitive to warming, which can induce declines in shoot abundance through increased shoot mortality (Marbà and Duarte 2010) . No evidence of warming effects on C. nodosa has, to our knowledge, previously been reported. Knowledge on growth and demographic responses of the dominant Mediterranean seagrasses to projected seawater warming is needed to assess the future of these key ecosystems.
Here, we examine the effect of seawater warming on the growth and demography of the Mediterranean seagrasses P. oceanica and C. nodosa. We do so on the basis of two mesocosm experiments. We exposed shoots of C. nodosa and seedlings and shoots of P. oceanica to a range of temperatures between 25 and 32°C to test the effect of projected Mediterranean warming on growth and population dynamics of the two seagrasses.
Methods
The effect of warming on seagrass growth and demography was investigated in two mesocosm experiments set up at the Palma Aquarium (Palma de Mallorca, Balearic Islands, Spain). The first experiment (exp. 1) was carried out in November 2008-January 2009 and tested the effect of warming on seedlings of P. oceanica. The second experiment (exp. 2) was carried out in June-August 2009 and assessed the response of shoots of P. oceanica and C. nodosa. In both experiments, we exposed the seagrasses to six temperature treatments between 25 and 32°C for approximately 3 months (Table 1 ) encompassing the range of maximum summer seawater temperature projected for the Mediterranean Sea during the twenty-first century (IPCC 2007) .
Experimental Setup
Six temperature-controlled baths were established in 500-L fiberglass tanks filled with freshwater and heated with three Hagen heaters per tank (2×300 W and 1×150 W) adjusted to achieve the six target temperatures (Table 1) . A pump inside each tank recirculated the water in order to get a homogenous water bath. In each tank, we placed three replicate 30-L aquaria filled with seawater for P. oceanica Seagrasses were collected at Cala Millor (Mallorca, Spain, 39.60°N 3.39°E). Within 3 h of collection, the cut end of the horizontal rhizome of each plant was sealed using a non-toxic polyvinyl siloxane silicone elastomer to maintain gas pressure inside the rhizome. All plants were transported in seawater to the Palma Aquarium. The following day, shoots were planted in a layer of 5 cm pre-washed beach sand with a low organic matter content (1.78 %). In the first experiment, two to three P. oceanica seedlings fragments of P. oceanica and C. nodosa consisting of an apical shoot and up to eight shoots attached to a horizontal rhizome were collected. Eight to ten fragments of P. oceanica comprising around 50 shoots were planted in each 30-L aquaria to obtain shoot densities of 500-600 shoots m −2 . In exp. 2, the leaves of P. oceanica were trimmed to 20 cm to prevent leaves from exceeding the height of the aquaria, which would cause desiccation and damage the leaves. A total of five to seven fragments of C. nodosa or a total of 30-40 shoots were planted in each 11-L aquaria for a final density of 750-1000 shoots m −2 .
Plants were acclimated to experimental conditions for 3-7 days at an ambient temperature before increasing temperatures at 0.3-0.4°C day −1 , comparable to the rates of warming during summer, until target temperatures were reached (after 29 and 21 days for experiments 1 and 2, respectively). P. oceanica plants were exposed to target temperatures for 47 days in experiment 1 and 50 days in experiment 2. C. nodosa were exposed to target temperatures for 59 days.
Nutrient Concentrations
To ensure nutrient concentrations were not limiting to seagrass growth during the course of the experiment, we collected 13 ml from each aquarium six times during each experiment for the determination of dissolved inorganic nutrients. Samples were kept frozen until analysis. The concentrations of total dissolved phosphorous (TP) and total dissolved nitrogen (TDN) were determined by standard colorimetric methods on a Bran-Lubbe autoanalyzer.
Seagrass Biomass and Growth
At the end of the experiments, seagrasses were harvested and separated into leaves, sheaths, rhizomes and roots. Plant material was rinsed with freshwater, scraped gently with a blade to remove epiphytes and dried at 60°C for 72 h before obtaining dry weights. Belowground biomass was only recorded for experiment 2. The growth of P. oceanica was assessed using a leafmarking technique (Short and Duarte 2001) . Three shoots in each aquarium were marked by making two parallel punctures with a hypodermic needle near the apical meristem at the beginning of the experiment. At the end of the experiment, leaves of the marked shoots were cut at the mark and tissue was separated into new and old growth. Leaf elongation rates were calculated as the biomass per shoot of the newly produced tissue divided by the duration of the experiment in days. The production of new leaves per shoot was estimated by counting young leaves devoid of marks.
C. nodosa leaf growth and new leaf production rates could not be estimated using a marking technique because turnover rates were too fast and all marked leaves had disappeared by the end of the experiment. We were, however, able to assess horizontal rhizome elongation rates (Marbà et al. 1996) . Before planting, all C. nodosa horizontal rhizomes were marked with a plastic cable tie around the second internode from the apex. At the end of the experiment, rhizome growth was assessed as elongation rate by measuring the length of the rhizome after the cable tie divided by the duration of the experiment (in days).
Population Growth
Shoot density was assessed at the beginning and end of the experiment. Population growth rate (μ; d −1 ) was calculated using the formula:
where N t is the final shoot density, N 0 is the initial shoot density and t is the time between measurements in days.
Statistical Analysis
Data were tested for homogeneity of variances using Levene's test (α00.05) and normality using the Shapiro-Wilk test (α00.05). All data displayed homogenous variances and data that were not normally distributed were log 10 -transformed before further analysis.
Concentrations of TP and TDN in each replicate tank were calculated as the average of the six measurements taken along the experiments. Treatment means and standard errors were then calculated from the values of the three replicate tanks. Differences in nutrient concentrations among treatments were examined using one-way ANOVA. Type I linear regressions were used to test the relationships between temperature (dependent variable) and the independent response variables. All analyses were carried out using the software JMP 7.0.2.
Results
Upon reaching the desired temperatures, warming treatments were maintained at the mean target temperatures until the end of the experiment (Table 1 ). The achieved temperatures encompassed the average annual maximum temperatures measured in the Balearic Islands in 2002-2006 (27.6°C) and maximum temperatures measured during heat waves in 2003 and 2006 (28.83 and 28 .54°C, respectively) (Marbà and Duarte 2010) . Treatment temperatures occasionally reached 0.5-2°C higher than the means and represented spikes typically lasting less than 3-5 days.
Nutrient concentrations were variable among treatments (Table 2 ). In general, concentrations of TDN were lower and TP were higher in the first compared to the second P. oceanica experiment. In experiment 1, there were significant differences among treatments for both TP and TDN (ANOVA, p<0.05), but no trend along warming treatments was observed. Concentrations of TDN in experiment 2 were highly variable between replicates of the same treatment as evidenced by relatively large standard errors. Despite a twofold range between the lowest and highest mean TDN concentrations measured, differences among treatments were not significant (ANOVA, p>0.05). Overall, higher concentrations of TDN were measured for C. nodosa than for P. oceanica in experiment 2. TP concentrations were relatively uniform for P. oceanica in experiment 2, except in the highest temperature treatment where the mean was significantly higher (ANOVA, p<0.05). Significant differences in TP were also found for C. nodosa (ANOVA, p<0.05), but variability in TP was independent from variability in seawater temperature.
The ratio of aboveground/belowground biomass and leaf biomass of P. oceanica shoots (exp. 2) was not affected by temperature (Fig. 1, left panels) . In contrast, the leaf biomass of P. oceanica seedlings (exp. 1) decreased significantly with increasing temperature by around 5-10 % for each additional degree of warming (R 2 00.29; p00.022; Fig. 1 , bottom left panel). The relationship between temperature and C. nodosa aboveground/belowground biomass was bell-shaped with the lowest ratios (<0.14) at the lowest and highest temperatures and a distinct peak (0.27) at 30°C (Fig. 1, top right) . A similar pattern was observed for C. nodosa leaf biomass per shoot, which was highest between 27 and 30°C (>0.02 gshoot) and lowest for the warmest and coldest treatments (<0.014 gshoot).
Leaf growth and leaf formation rate of P. oceanica seedlings showed a negative response to increasing temperatures and rates declined by 5-10 % (R 2 00.35; p00.014) and around 10--30 % (R 2 00.40; p00.005), respectively, for each additional degree of warming (Fig. 2) . In contrast, growth rates of P. oceanica shoots appeared unaffected by temperature, but the rate of formation of new leaves declined by 5-17 %°C of temperature increase (R 2 00.35; p0 0.096; Fig. 2 ). The longevity of leaves did not change with Differences among treatments were evaluated using one-way ANOVA. Different superscript letters represent significant differences among means within an experiment and species (p<0.05) temperature for shoots but increased by 17-24 days per degree of warming for seedlings (R 2 00.29; p 00.021; Fig. 2 ). Temperature stimulated growth of C. nodosa rhizomes, which increased by 0.07-0.09 cm day −1°C of warming or from 0.1 to 0.4 cm day −1 across the range of temperatures tested (R 2 00.43; p00.0032; Fig. 3 ). Temperature did not have an effect on shoot density of P. oceanica seedlings (Fig. 4) . The net population growth of P. oceanica seedlings was close to zero across the range of temperatures tested (Fig. 4) . Some positive values were recorded, but the experimental period was too short to expect formation of new shoots, although sufficient to allow observations on mortality shall this have occurred. Higher shoot counts at the end of the experiment were probably due to small shoots that were undetected at the initial count but discovered at the end of the experiment when the shoots were removed from the tanks. It is therefore likely that for most treatments, the actual population growth of seedlings was zero or slightly negative. Shoot populations of P. oceanica exhibited net declines in all treatments, with shoot population growth rates around −0.002 to −0.003 day −1 except in the warmest treatment that exhibited the lowest population growth at −0.005 day −1 (Fig. 4) .
C. nodosa shoot population growth was negative for all treatments and displayed a bell-shaped pattern suggesting the intermediate temperatures tested (28-30°C) were optimal for this species, whereas temperatures in excess of 30°C lead to population decline (Fig. 4) . Indeed, the lowest population growth rate (−0.029 day −1 ) was measured for the warmest treatment.
Discussion
The results of this study demonstrated differences in the response of shoots and seedlings of P. oceanica to increased warming. Shoots showed a limited response to high temperatures across time scales of a couple of months. Only leaf formation rates decreased with increasing temperature, whereas no effect was found on growth or biomass over the temperatures tested. The lack of a response of P. oceanica shoots in terms of growth is not surprising considering that this is a very slow-growing seagrass with rhizome growth rates of 1-6 cm year −1 apex and a leaf turnover rate of approximately 1-2 years (Marbà et al. 1996) . A physiological response to increased temperature might not translate into measurable changes in growth within the timescale of the experiment. In contrast, there were clear negative responses of seedlings to increased temperature with reduced growth rates, leaf formation rate and leaf biomass per shoot (Figs. 1 and 2 ). This reveals that the younger life stages of P. oceanica are particularly vulnerable to climate change and warming. Sexual reproduction in P. oceanica is sparse (Hemminga and Duarte 2000) but is an important mechanism for re-colonising areas where seagrasses have been lost or expanding to a new territory. Seedlings have successfully been used for restoration of lost meadows (Balestri and Bertini 2003) , but survival of seedlings, in particular during the first year, is one of the main bottlenecks for P. oceanica recruitment (e.g. Díaz-Alemela et al. 2009 ). The most significant mortality (70 %) takes place during the first year, whereas mortality is lower (20 %) Fig. 1 Aboveground/belowground biomass and leaf biomass per shoot for P. oceanica and C. nodosa (mean ± SE). Seedling leaf biomass was inversely related to temperature (regression equation: leaf biomass seedling 00.27−0.0068×temperature; R 2 00.29; p00.022; solid line). Dashed lines are splines to illustrate non-linear trends in the data during subsequent years (Balestri et al. 1998; Piazzi et al. 1999; Díaz-Almela et al. 2009 ). The results of this study indicate that increased temperatures in the Mediterranean over the coming decades are likely to further reduce seedling survival. Thus, the capacity of meadows to recover and the potential for colonising new areas will be reduced Fig. 3 C. nodosa rhizome growth (mean ± SE) was positively correlated to temperature (growth0−2.85+0.073×temperature; R 2 00.43; p00.0032) Fig. 4 Net population growth of P. oceanica and C. nodosa (mean ± SE). Dashed lines are splines to illustrate non-linear trends in the data Fig. 2 Relationships between temperature and P. oceanica leaf growth (growth seedling 01.16-0.050×temperature; R 2 00.32; p00.014), leaf production (new leaf production seedling 00.068-0.0020×temperature; R 2 00.40; p00.005 and new leaf production shoot 00.050-0.0013×temperature; R 2 00.35; p00.0096) and leaf longevity (leaf longevity seedlings 0−221.2+ 17.3×temperature; R 2 00.29; p00.021). Values shown are means ± SE. Significant linear relationships are shown with solid lines for seedlings and dashed lines for shoots despite the warming-enhanced production of P. oceanica sexual recruits ).
Although population growth of P. oceanica shoots did not show a linear response to temperature, the highest rate of shoot population decline was found at the highest temperature, suggesting there was a negative response at least at the extreme of the range tested. This is consistent with field observations that have shown increased shoot mortality in response to warming (Marbà and Duarte 2010) . The fact that a response was only recorded for the very highest temperature (32.2°C) may be due to the limited duration of the experiment.
It is possible that the strong relationship between shoot mortality and warming measured in the field results from both direct impacts on seagrass physiology and indirect effects of associated components of the ecosystem (Marbà and Duarte 2010) . High temperatures stimulate microbial processes in sediments and may lead to increased sulphate reduction and exposure of seagrass to toxic sulphides, which reduce growth and survival in P. oceanica (Frederiksen et al. 2007; Marbà et al. 2007 ). Rates of intrusion of sulphide in P. oceanica were estimated from sulphur isotope signatures (δ 34 S) in the mesocosms of the second experiment (García et al. 2012 ). The estimated rates of intrusion increased linearly with temperature and resulted in levels that were likely to have caused mortality if maintained for long periods of time (García et al. 2012) . The relatively short duration of the experiment may be responsible for the lack of a clear response. It is however clear that in addition to potential stress caused directly by increased temperature, Mediterranean seagrasses will be exposed to increased stress from sulphide toxicity under the projected IPCC climate change scenarios.
In the experimental aquaria, temperatures were regulated, but we did not control environmental conditions (e.g. pH and O 2 ). Nutrient concentrations were essentially uniform among aquaria at the beginning of the experiment. Nutrient dynamics over the course of the experiment varied among aquaria because of a multitude of factors such as differences in plant uptake, nutrient cycling in sediment, phytoplankton blooms and breakdown of organic matter. High concentrations of nutrients were measured throughout the experiment and plant growth is unlikely to have been nutrient-limited. The results observed, therefore, reflect seagrass responses to environmental changes as well as to the potential growth of bacteria, fungi and algae in the mesocosms. Variability in environmental factors independent of temperature should be contributing to the variance within treatments, whereas the responses that are also affected by temperature contribute indirectly to the temperature effects demonstrated here.
Temperature effects on C. nodosa were variable with rhizome growth being stimulated by warming (Fig. 3) . In contrast, the biomass of photosynthetic tissue and net population growth displayed bell-shaped responses to increasing temperature with maximum values around 29-30°C. Rhizome growth in seagrasses is linked to recruitment and may lead to increased numbers of shoots depending on the number of apical shoots in the population. The fact that there was no positive response to temperature at the population level indicates that the enhanced vegetative growth was insufficient to compensate for increased mortality of shoots. Previous research has suggested that reduced net production in C. nodosa would only take place for temperatures above 38°C, which are unlikely to be reached in the field (Pérez and Romero 1992) . Here, we demonstrated responses in the ratio of above-and belowground biomass, leaf biomass shoot and in the net population growth at temperatures well below this. It is therefore likely that temperature will have a significant negative effect on Mediterranean populations of C. nodosa during heat waves over coming decades.
Differences in the responses of the two species were expected since P. oceanica is a temperate seagrass, whereas C. nodosa is of tropical origin. In general, high water temperatures tend to lead to an increase in both photosynthesis and respiration of seagrasses, the latter increasing at a faster rate so that the overall photosynthesis-to-respiration ratio (P/R) is reduced thereby generating carbon imbalance in the plants (Marsh et al. 1986; Greve et al. 2003; Lee et al. 2007 ). Optimum temperatures for growth are therefore typically lower than for photosynthesis (Lee et al. 2007) , and growth can be limited by high water temperatures during the summer (Lee et al. 2005) . Tropical species appear to be better adapted to high temperatures and have higher average optimum temperatures for photosynthesis and growth (17-32 and 23-32°C, respectively) compared to temperate species (16-32°C for photosynthesis and 11-26°C for growth) (Lee et al. 2007 ). Data on the responses of P. oceanica and C. nodosa to temperature are scarce. Optimal temperatures for growth of P. oceanica are around 15.5-18°C (Bay 1984; Lee et al. 2007 ). The optimal temperature for photosynthesis is far higher. Short-term exposure to warming (1 h) increased photosynthetic rates of P. oceanica up to temperatures as high as 30-32°C beyond which they declined (Drew 1978 (Drew , 1979 . Optimal growth for C. nodosa has been measured at 24.5°C (Peduzzi and Vukovič 1990) and photosynthetic rates increased to temperatures around 30-32°C (Drew 1978 (Drew , 1979 Pérez and Romero 1992; Lee et al. 2007 ). This suggests that for both species, the temperatures tested here should be within the upper range or higher than those optimal for photosynthesis and growth, but that C nodosa is better adapted to high temperatures compared to P. oceanica. The different sensitivity of P. oceanica and C. nodosa to warming might reflect intrinsic differences of temperature tolerance ranges between these genera. Whereas all Posidonia species inhabit temperate coasts (i.e. Mediterranean Sea, temperate Australia), all congeneric species of C. nodosa grow in the tropics. We also expected significant responses of C. nodosa in the duration of the experiment since it is a fastgrowing species and has a short leaf life span of only 55-167 days (Perez et al. 1994; Cancemi et al. 2002) . Therefore, most of its biomass would have turned over during the experiment.
Seagrasses are declining across the Mediterranean due to eutrophication, coastal erosion and mechanical impacts (e.g. anchoring, fish trawling and coastal engineering) (e.g. Boudouresque et al. 2009; Díaz-Almela et al. 2008) . P. oceanica is particularly vulnerable to impacts due to its slow vegetative growth and long time spans required for meadow formation (Kendrick et al. 2005) . The results of this study support the notion that global warming may be a key driver of negative population growth rates and loss of P. oceanica meadows (Marbà and Duarte 2010) putting increased pressure on a species that is already in decline (Marbà et al. 1996; Marbà et al. 2005 ). The seedlings of P. oceanica may be particularly vulnerable to direct impacts of warming which would further reduce the ability for P. oceanica to recover from impacts, including climate-induced losses. Our results suggest that seagrass species growing in the Mediterranean that are more adapted to warm temperatures may also be under threat from the projected trajectory of seawater warming. A change in mean annual temperatures of 4°C over the twenty-first century is likely to involve heat waves during which seawater temperature would soon exceed a threshold beyond which we can expect losses of C. nodosa in the Mediterranean. This raises concerns about the future of Mediterranean seagrass ecosystems and their ability to provide the same magnitude of ecosystem services in coming decades that they provide today.
